Schizophrenia (SZ) is associated with increased somatic morbidity and mortality, in addition to cognitive impairments similar to those seen in normal aging, which may suggest that pathological accelerated aging occurs in SZ. Therefore, we aim to evaluate the relationships of age, telomere length (TL), and CCL11 (aging and inflammatory biomarkers, respectively), gray matter (GM) volume and episodic memory performance in individuals with SZ compared to healthy controls (HC). One hundred twelve participants (48 SZ and 64 HC) underwent clinical and memory assessments, structural MRI, and had their peripheral blood drawn for biomarkers analysis. Comparisons of group means and correlations were performed. Participants with SZ had decreased TL and GM volume, increased CCL11, and worse memory performance compared to HC. In SZ, shorter TL was related to increased CCL11, and both biomarkers were related to reduced GM volume, all of which were related to worse memory performance. Older age was only associated with reduced GM, but longer duration of illness was related with all the aforementioned variables. Younger age of disease onset was associated with increased CCL11 levels and worse memory performance. In HC, there were no significant correlations except between memory and GM. Our results are consistent with the hypothesis of accelerated aging in SZ. These results may indicate that it is not age itself, but the impact of the disease associated with a pathological accelerated aging that leads to impaired outcomes in SZ.
Introduction
Schizophrenia (SZ) is associated with strong burden of disease 1 and higher mortality, with a relative risk of all-cause mortality of 2.54 2 and an average life span of 15-25 years shorter than unaffected individuals. 3 Compared to the general population, the median standardized mortality ratio in SZ is 2.41 if only natural causes of death are considered. 4 This is related to the increased risk for several somatic diseases in SZ that are typically associated with the process of aging, such as cardiovascular disease, diabetes, and cancer. 5 These observations of increased somatic morbidity and mortality, in addition to cognitive impairments similar to those seen in normal aging, may suggest that a "pathological accelerated aging" occurs in SZ. 6 However, the neurobiological underpinnings and possible progression of SZ are still unclear, and studies are needed to generate evidence in regards to this theory.
A suggested biomarker of aging is telomere length (TL). Telomeres are DNA-protein structures that protect the ends of chromosomes and progressively shorten with each cell division. 7 There is growing evidence linking TL with psychiatric disorders, 8 especially showing that TL is shortened in SZ compared to healthy controls (HC). 9, 10 Shortened TL is related to more rapid cell senescence and apoptosis in association with aging and disease. 11 More recently, TL was proposed to be a biomarker of "somatic redundancy", which is the body's capacity to absorb damage over time. 12 TL is a heritable trait, but it is also influenced by epigenetic, environmental, 8 inflammatory, and oxidative stress factors.
Among inflammatory mediators that could be related to an accelerated aging process, SZ has been consistently associated with abnormalities in cytokines, which are proteins involved in the coordination of immune responses and exertion of neuromodulatory actions. [15] [16] [17] [18] [19] A special type of cytokines that regulate the migration of peripheral immune cells directing them to pro-inflammatory activation states is the chemokines, which play a role in the central nervous system by regulating the inflammatory state associated with various pathological conditions. 20 Besides their role in inducing and directing leukocyte migration, chemokines have been implicated in other neurobiological processes. For instance, the binding of a chemokine to its receptor activates signaling cascades that result in increased calcium concentrations and the activation of mitogen-activated protein kinases, important mechanisms for synaptic plasticity. 21 Moreover, the pro-inflammatory chemokine CCL11 was demonstrated to be an age-related systemic factor associated with decreased neurogenesis in hippocampus and impaired learning and memory in mice. 22 Previous studies showed that CCL11 was increased in chronic, though not in recent onset individuals with SZ, consistent with the hypothesis that it could also be a potential biomarker for a pathological aging process in SZ. 23, 24 In normal aging, there is progressive whole brain volume loss in late adulthood. 25 In SZ, brain volumes are consistently decreased. 26 However, a longitudinal study evaluating gray matter (GM) density maps showed that this whole brain volume reduction may be due to possible faster aging compared to HC, especially in the first years after disease onset. At baseline, brain age in SZ was 3.36 years greater than chronological age, and SZ showed a further accelerated aging of an additional 4 months in each year after follow-up. The authors proposed that 2 different processes might influence progressive brain loss in SZ: accelerated aging of the brain and other factors influencing individual variation, such as medication use. 27 Another study revealed a diagnosis by age interaction in the prediction of efficiency of the cingulo-opercular and fronto-parietal networks, 28 which are associated with cognitive ability in both health and SZ. 29 Performance across several cognitive domains is also decreased in SZ, 30 even in drug-naïve patients. 31 However, it is not clear whether cognitive impairments follow a normal rate of age-related changes or also present with faster aging. One meta-analysis showed similar changes in cognitive performance in later life compared to aging in general population, although patients had worst functioning. 32 Individuals with SZ show an early cognitive impairment, what seems to be related to neurodevelopmental abnormalities. 33 After the disease onset, there is evidence for stability of cognitive functioning over time. 34 However, individuals with SZ over 65-70 years old showed relatively greater age associated differences in cognitive functioning than healthy individuals, 35, 36 which may indicate a link between abnormal neurodevelopmental and neurodegenerative process in SZ. 37 Episodic memory impairments show a particularly large effect size in SZ, 38 and have been associated with daily functioning. 39, 40 Interestingly, a recent study showed that memory impairment in SZ was similar to the impairment seen in healthy aging, possibly pointing to shared mechanisms. 41 Memory performance clearly reduces with aging, with a particularly strong effect on the ability to learn new associations. 42 Accordingly, episodic memory may be sensitive to the effects of both normal and pathological aging, 43 and may be a useful behavioral indicator of biological aging related outcome. Also, it would be important to understand the possible mechanisms related to memory deficits in SZ, although the present study is not limited to the analysis of cognitive aging.
However, it is unclear whether the pathological aging hypothesis could reflect the number of years that the individual has been alive, or the duration of the person's illness, and whether these variables relate differently to the above mentioned possible aging markers. If the abnormalities seen in SZ are explained only by age, this could mean a process that parallels that seen in aging among individuals who do not have SZ. However, if the abnormalities in SZ are better explained by illness duration, this could represent a process more specific to serious mental illness such as SZ, in which the burden of the disease leads to impairments.
Given the evidence outlined above, the current study was designed to investigate the following questions: (1) are aging and inflammatory biomarkers more strongly related in SZ than HC?; (2) are aging and inflammatory biomarkers more strongly related to GM volume in SZ than HC?; (3) are aging and inflammatory biomarkers and GM volume more strongly related to memory performance in SZ than HC?; (4) is age related differently in SZ than HC to aging and inflammatory biomarkers, GM volume and memory?; (5) in SZ, are illness duration, age of disease onset and current psychopathological state related to aging and inflammatory biomarkers, GM volume and memory?; and (6) in SZ, are there any indirect effects of aging and inflammatory biomarkers or GM volume?
Methods

Participants
There were 112 participants: 48 individuals with SZ and 64 unaffected individuals (HC). All participants were between the ages of 18 and 60 years, and were recruited from the same general public hospital in Brazil. The SZ and HC subjects were similar in age, sex, and education and all originated from the same socioeconomic and educational background. The Institutional Review Board approved the study protocol. All participants were advised about the procedures and signed informed consent prior to participation. SZ had their diagnoses confirmed by trained psychiatrists using the Structured Clinical Interview for DSM-IV (SCID). Their psychopathological state was assessed using the 18-item Brief Psychiatry Rating Scale (BPRS). 44 They had to be stable for at least 6 months and could not be currently in a psychotic episode. HC had no current or previous history, nor first-degree family history of a major psychiatric disorder, including dementia or intellectual disability, confirmed by the SCID.
Additional exclusion criteria for the groups were history or presence of neurological disease, abuse or dependence on drugs, brain tumor, thyroid disease, rheumatological disease, uncontrolled endocrine and cardiac disease, history of autoimmune diseases or chronic infections/inflammatory diseases, having any severe systemic disease, or having received immunosuppressive therapy.
Clinical and Memory Assessment
Participants underwent clinical evaluation with trained psychiatrists to collect sociodemographic, clinical and pharmacological data through a structured interview. Furthermore, patient's hospital clinical records were searched to collect supplementary data. All participants were assessed by trained psychologists with the Hopkins Verbal Learning Test-Revised (HVLT-R), which is a wordlist task widely used to measure verbal learning and episodic memory. 45 The HVLT-R is part of the MATRICS Consensus Battery for Schizophrenia. 46 It is comprised of 3 immediate recall trials of 12 words within 3 categories and a delayed recall followed by a recognition task. We focused our analyses on total immediate recall.
Biomarkers
The complete description is in the supplementary methods and it was described elsewhere.
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Neuroimaging T1-weighted magnetic resonance images were acquired with a Philips Achieva 1.5 T scanner. Volumetric segmentations were performed using the Freesurfer image analysis suite software v.5.1.0 (http://surfer.nmr.mgh.harvard. edu/). Technical details are described elsewhere. [48] [49] [50] All images were processed and checked by the same researcher. Our analyses focused on total GM volume (cortical + subcortical).
Data Analysis
Statistical analyses were performed in R (https://www.Rproject.org/). We first compared groups by examining demographic, clinical, memory performance, aging and inflammatory biomarkers and GM volume variables using Student's t test or chi-square test. For the total GM volume, intracranial volume was regressed out.
Our second level of analysis tested our hypotheses about the relationships between variables within each group using Pearson's correlation coefficient, and Fisher's z transformation to compare the magnitude of correlations across groups. We chose to statistically compare the magnitude of correlations across groups to simplify the interpretation of the findings, but regression models with interaction terms between diagnostic group and predictor variables provided the same results as described below (supplementary material). Lastly, we wanted to suggest possible pathways of these relationships. Therefore, we conducted a mediation model using the PROCESS model with aging and inflammatory biomarkers as dependent variables predicting memory performance with total GM residual volume as the mediator.
Results
Diagnostic Group Comparisons
HC and SZ (table 1) had similar age, gender distribution, education, and Body Mass Index. SZ had more tobacco use than HC. As expected, SZ had worse episodic memory performance compared to HC. Also as predicted, SZ had increased CCL11 levels and reduced TL compared to HC. After we regressed out intracranial volume from total GM volume, SZ showed decreased residuals of total GM volume.
All correlational analyses are described in supplementary table 1.
Are Aging and Inflammatory Biomarkers Related?
As shown in figure 1, TL and CCL11 were significantly negatively correlated in SZ (r = −.37, P = .032). In HC, this correlation was not significant (r = −.17, P = .27), although its magnitude was not statistically different than SZ (z = −0.90, P = .37).
Are Aging and Inflammatory Biomarkers Related to GM Volume?
CCL11 and total GM volume were significantly negatively correlated in SZ (r = −.37, P = .03), but not in HC (r = .14, P = .35), and these relations were statistically different between groups (z = −2.27, P = .02; figure 2A ). TL and total GM volume were positively correlated in SZ (r = .39, P = .02). In HC, although the correlation was not statistically significant (r = .18, P = .25), the Fisher transformation showed no significant difference between groups in the magnitude of the correlation (z = 0.98, P = .33; figure 2B ).
Are Aging and Inflammatory Biomarkers and GM Volume Related to Memory Performance?
CCL11 and HVLT-R total immediate recall were negatively correlated in SZ at a trend level (r = −.31, P = .07), but not in HC (r = .18, P = .23), and these relations were statistically different between groups (z = −2.17, P = .03; figure 2C ). TL and HVLT-R total immediate recall were positively correlated in SZ (r = .48, P = .003), but not in HC (r = −.12, P = .45), and these relations were also significantly different (z = 2.75, P = .006; figure 2D ). In both SZ and HC, total GM volume and HVLT-R total immediate recall were positively correlated (r = .41, P = .005 and r = .27, P = .05, respectively).
What is the Relationship of Age to Biomarkers, GM Volume, and Memory?
TL and CCL11 were not significantly correlated with age in either SZ (r = −.30, P = .078 and r = .29, P = .092, respectively) or HC (r = −.10, P = .51 and r = −.05, P = .72, respectively). Total GM volume and age were negatively correlated in both SZ (r = −.65, P < .001) and HC (r = −.71, P < .001). Age and HVLT-R total immediate recall were not significantly correlated in SZ (r = −.23, P = .122), but were negatively correlated in HC (r = −.40, P = .003), although the magnitude of this correlation was not statistically different than SZ (z = 0.98, P = .33).
What is the Relationship of Clinical Characteristics of SZ to Biomarkers, GM Volume and Memory?
In SZ, illness duration was significantly correlated with TL (r = −.46, P = .004), CCL11 (r = .45, P = .007) total GM volume (r = −.66, P < .001) and HVLT-R total immediate recall (r = −.44, P = .002). Age of disease onset was only correlated with CCL11 (r = −.34, P = .043) and HVLT-R total immediate recall (r = .39, P = .006). BPRS total score was not significantly correlated with any of the variables (P > .29). We used the method of Meng, Rosenthal and Rubin 51 for comparing correlated correlation coefficients to compare the magnitude of the correlations with age vs illness duration. Not surprisingly, age and illness duration were strongly correlated (r = .87, P < .001). However, illness duration was significantly more strongly correlated than age with TL (Z = 2.29, P = .01), CCL11 (Z = −0.28, P = .01), and HVLT-R (Z = 2.95, P = .002), but not for GM volume (Z = 0.18, P = .42; figure 3) . 
Does GM Volume Mediate the Relationship Between Aging and Inflammatory Biomarkers and Memory in SZ?
We created 2 different mediation models. First, we included TL as the independent variable, GM volume as the mediator, and HVLT-R total immediate recall as the dependent variable. There was no significant indirect effect of GM volume on HVLT-R total immediate recall (P = .23). We created a second model with CCL11 as the independent variable, GM volume as the mediator, and HVLT-R total immediate recall as the dependent variable. There was a trend indirect effect of GM volume predicting HVLT-R total immediate recall (P = .04). The bootstrapped unstandardized indirect effect was −0.0006, and the 95% CI ranged from −0.0014, 0.0001, suggesting that CCL11 may predict memory performance in part through GM volume.
Does Aging and Inflammatory Biomarkers or GM Volume Mediate the Relationship Between Illness Duration and Memory in SZ?
We included illness duration as the independent variable, HVLT-R total immediate recall as the dependent variable and CLL11, TL, and GM volume as separate mediators. There were no significant indirect effects of either CCL11 or GM volume on HVLT-R (P = .29 and P = .14, respectively). However, we found a significant indirect effect of TL on HVLT-R total immediate recall (P = .02). The bootstrapped unstandardized indirect effect was −.10, and the 95% CI ranged from −.23, −.03. Therefore, TL mediated the effect of illness duration to memory performance.
Discussion
This study is, to the best of our knowledge, the first to show associations between TL, CCL11 levels, GM volume, and episodic memory performance in people with SZ, presenting new evidence relevant to the theory of pathological accelerated aging in SZ. As expected, compared to demographically similar HC, individuals with SZ had worse memory performance, increased CCL11, reduced TL, and decreased residuals of total GM volume after regressing out intracranial volume. In SZ, shorter TL was related with increased CCL11 levels, and they were both related to reduced GM volume. Shorter TL, increased CCL11 levels and reduced GM volume were all related to worse memory performance. Compared to HC, SZ showed statistically stronger magnitudes of correlations between shorter TL and increased CCL11 levels, and between shorter TL and reduced GM volume. Among SZ, age was significantly correlated only with reduced GM volume. Longer duration of illness was related with all the aforementioned variables. The effects of duration of illness to memory performance were mediated by TL. Younger age of disease onset was related with increased CCL11 levels and worse memory performance. These results may indicate that it is not age itself, but the impact of the disease associated with a pathological aging that leads to worse outcomes among SZ. Each of these sets of findings will be discussed in more detail below. First, we saw that the aging and inflammatory biomarkers TL and CCL11 were significantly more strongly related in SZ compared to HC. There are several theories that have been proposed to explain normal aging, which is a complex process determined by multiple factors that include genetic, environmental and socioeconomic influences. Aging can be defined as a collection of timedependent anatomical and physiological changes that reduce functional capacity, physiological and homeostatic reserve and decrease the ability to adjust to stress. 52 There is consistent evidence that associates TL with aging and mortality, although these relationships are not clearly causational. 53 Telomeres are implicated in cellular aging and human diseases of premature aging, but it is not a unique and universal aging biomarker. 54 Diseases of short TL are known to represent premature aging, as they show processes that occur in subjects as they age, including features marked by vascular and degenerative components, as well as by cancer predisposition. 7 Hence, TL could be an integrative measure of somatic damage or history of past cell replication, 53 representing the pace of biological aging related to the lifespan of cells and the body. The shortening of TL may be accelerated by the cumulative impact of stressors, which in turn may speed the process of biological aging. 55 We saw that SZ had shorter TL compared to HC, what could mean that these individuals had greater impairment related to a faster somatic aging and/or increased damage. Interestingly, TL was significantly correlated to duration of illness and not to age, which is consistent with the hypothesis of a greater impact of accumulated stress or adversity. Furthermore, TL mediated the effect of illness duration to memory performance, suggesting important functional implications of these processes.
In SZ, shorter TL was associated with increased CCL11 levels, which were significantly increased compared to HC. CCL11 is a chemokine also associated with older age. 22 During inflammatory response and oxidative stress, there is an increased immune cell replication that potentially affects TL. 8 Thus in SZ, CCL11 could be involved in a pathogenic pathway of oxidative stress/proinflammatory imbalance that could lead to accelerated cell aging. 3 People with SZ often present a multi-morbidity state, ie, the presence of 2 or more chronic conditions in the same individual, which is associated with increased inflammation that contributes to accumulation of a disease burden. 56 As such, the relationship between TL and CCL11 is consistent with the idea that TL may be a biomarker of body's capacity to absorb damage over time, 12 with shorter TL reflecting less capacity to do so.
Both shorter TL and increased CCL11 levels were related to reduced total GM volume in SZ, but not HC, and the relationship between CCL11 and GM was statistically stronger in SZ than HC. These relationships are consistent with the idea that chronic pro-inflammatory processes could influence the brain through mechanisms such as neuroinflammation and microglial activation, which in turn could lead to structural and functional consequences, such as loss of GM. 57 Alterations in immune function early in life may lead to increased inflammation over time, which in turn can produce brain abnormalities. 58 Interestingly, a recent diffusion tensor imaging (DTI) study showed an age-by-diagnoses interaction for global fractional anisotropy (FA), which suggested faster decline of cerebral white matter (WM) in patients with SZ compared with controls. 59 Such result could be explained by inflammatory processes, a mechanism that could also be contributing to the reduced GM volume detected in the current study. Interestingly, increased levels of CCL11 were significantly related to longer duration of illness, which in turn was related to reduced GM volumes and worse memory performance in SZ. Additionally, increased CCL11 levels were related to younger age of disease onset. These observations could fit with the neurodevelopmental hypothesis of SZ. 60 There is considerable evidence of pathological risk factors such as early-life infections that influence early neurodevelopment in SZ 61 and affect the brain before it approaches its adult anatomical state. 60 The increased risk of developing SZ associated with the history of varying types of infections may suggest that a proinflammatory immune response may contribute to the onset of SZ. 62 Recently, the North American Prodrome Longitudinal Study (NAPLS) identified markers of inflammation, oxidative stress, and dysregulation of hypothalamic-pituitary axis that were able to predict the conversion from clinical high risk to psychosis. 63 Thus, the neurodevelopmental course of SZ might trigger or be linked to chronic inflammation that in turn may be associated with the onset of the disease and a worse outcome as the illness progresses, producing an accelerated pathological aging. In addition, aging and inflammatory biomarkers were more strongly related to memory performance in SZ than HC. There is evidence that memory performance shows age-related impairments 43 and vulnerability to different biological processes affecting the brain in illness and healthy aging. 37 Worse memory performance in SZ was associated with increased CCL11, and this relationship was significantly stronger than the relationship in HC. This result is consistent with other studies linking inflammation to cognitive deficits in SZ, although the mechanisms of this relationship are still unclear. 64 One possible explanation would be the aforementioned processes of chronic inflammation influencing the brain. 57 Interestingly, even in our relatively small sample size, we found a small trend effect of GM volume mediating the effect of CCL11 on memory performance, which points toward a possible mechanism to be further investigated.
Worse memory performance was associated with shorter TL in SZ but not in HC. However, better memory performance was correlated with larger GM volume in both groups, even though individuals with SZ had significantly worse scores on HVLT-R. From the mediation model, we saw that TL predicted memory performance not through an indirect effect of GM volume. These results suggest that memory impairment in SZ might have multiple contributing factors, including the impact of stress and other factors associated with pathological aging, 12 as indexed by TL and CCL11 levels, though only the latter may be partially mediated by GM reductions.
Lastly, age and illness duration were differently related to aging and inflammatory biomarkers and memory performance in SZ. In SZ, age was only correlated with GM, but duration of illness was associated with TL, CCL11, GM, and memory performance, with significantly stronger correlations to all but GM. One might have expected stronger relationships to age given the accelerated aging hypothesis. However, the stronger correlations with illness duration suggest that it is not age itself, but rather the impact of the disease that relates to these impairments. These findings may be moderated or mediated by factors such as medication and lifestyle that themselves may influence biological mechanisms of aging in SZ. In HC, however, older age was related with worse memory performance in addition to reduced GM volume, which goes in line with what is described in the literature regarding normal aging. It should be mentioned that an accelerated aging process seems to be a particular finding of SZ, and it is unclear whether other mental illnesses, such as major depression and bipolar disorder, have similar trajectories. 65, 66 The findings of the present article highlight the importance of considering the course of SZ in a broader perspective, one that focus on reducing the burden of the disease during its trajectory, which could in turn decrease the impairments associated with a pathological aging. This perspective emphasizes the idea that patients should receive effective treatments that include not only psychotropic drugs, but more comprehensive approaches to improving health and well-being, such as diet, physical exercise, and health care. Further, these findings suggest that the clinical evaluation of age related cognitive declines may need to start in an earlier age among individuals with psychosis.
Our study had limitations. It was a cross sectional design with a relatively limited sample size, which restrict the conclusions that can be made from the results. Cross sectional studies are useful to generate hypotheses regarding aging, but they do not allow for individuals to be followed along their aging process and therefore make it difficult to separate the effects of age from other influences or to understanding temporal dynamics within individuals that may inform causal mechanisms. To fully understand aging mechanisms and trajectories of SZ, longitudinal studies will be necessary. Further, there are likely confounds that are associated with SZ and that could influence the analysis of aging and inflammatory biomarkers, such as comorbidities, lifestyle factors or medication effects, which were not able to be addressed in this study. We did not include in the analysis the effect of current medication or history of psychotropic treatment, although all individuals with SZ were stable for at least 6 months. Also, we only presented results of analyses of brain structure, and we did not have data on brain function or connectivity among these individuals, which may also show important relationships to cognitive function. Finally, we did not have data on the premorbid intellectual functioning, what could have influenced memory performance.
In summary, our results are consistent with the hypothesis of pathological accelerated aging in SZ. We saw associations between increased CCL11-an age-related pro-inflammatory marker, shorter TL, reduced GM volume, and decreased episodic memory in SZ, which were all related to longer duration of illness (figure 4). These results suggest that it is not age itself, but the impact of the disease associated with a pathological aging that might lead to a worse outcome. Although preliminary, our data point to potentially important mechanisms related to neural and cognitive impairment associated with psychosis. Future steps should focus on longitudinal studies of individuals at high risk to develop psychosis to evaluate the effect of inflammatory and aging biomarkers in the conversion, but also should follow individuals with SZ across their lifespan to confirm the accelerated aging hypothesis.
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